The purpose of this review is to present selected tests available with the potential to detect the development of respiratory muscle fatigue in normal subjects and patients. All reviewed techniques represent a part of a variety of measures and indices, which have been employed to assess this complex process at the present time.
Introduction

Introduction Introduction Introduction
Muscle fatigue has been defined as a loss of capacity to develop force in response to a load which is reversible by rest [1] [2] [44] [45] . In accordance with this definition, respiratory muscle fatigue, potentially, can be documented by measuring a decrease or increase in specific respiratory markers.
Muscle fatigue is a complex phenomenon [20] . Most tests are suitable for detecting the presence of only one component of muscle fatigue [42, 47] , so complete characterization of fatigue requires a complex series of assessments. The necessity to make serial measurements of an index of muscle force generation over time to detect fatigue is a particularly difficult endeavor for the respiratory system.
A large number of variables (i.e., lung volume, muscle interaction, thoracoabdominal configuration) can vary over time and all these factors can influence the relationship between muscle force and pressure generation [47, 49] .
In the research environment, breathing pattern analysis [32, 51] , measurement of thoracoabdominal motion [19] , serial measurement of maximal voluntary respiratory pressures [52] , assessment of maximum relaxation rates [27] , frequency domain EMG analysis [43] , and measurement of respiratory muscle pressures in response to electrical [3, 56] or magnetic [37] [38] nerve simulation are all techniques that can be used to assess the evolution of respiratory muscle fatigue. This review presents the first four of these specific markers.
Specific markers of respiratory muscle Specific markers of respiratory muscle Specific markers of respiratory muscle Specific markers of respiratory muscle fatigue fatigue fatigue fatigue
In this review, the breathing pattern analysis, measurement of thoracoabdominal motion, serial measurement of maximal voluntary respiratory pressures and assessment of maximum relaxation rates are presented.
Breathing pattern analysis Breathing pattern analysis Breathing pattern analysis Breathing pattern analysis
A part of the routine respiratory surveillance of patients is monitoring breathing frequency. This parameter can be easily counted at the bedside and should be included in standard monitoring [10, 14, 18] . Test is simple and noninvasive. Rationale of use this test can be rapid shallow breathing, characterized by high breathing frequency and low tidal volume. These conditions are associated with an increased respiratory workload and a reduced respiratory muscle capacity and may therefore potentially lead to respiratory muscle fatigue [17, 31] .
The second parameter of breathing pattern is tidal volume. Volume measurements can be made by spirometric devices via a mouthpiece in non-intubated patients or by flow sensors built into modern ventilatory equipment and can be displayed on a breath-to-breath basis by these machines in intubated patients. To avoid artifacts from mouthpiece placement, it is possible to noninvasively monitor tidal volume by respiratory inductance plethysmography [14] .
The disadvantage of these methods is fact that rapid shallow breathing is most likely a reflex response to an increase in the respiratory workload and not the consequence of the respiratory muscle fatigue per se [32, 53] . The application of this test indicates that although rapid shallow breathing may accompany respiratory muscle fatigue [31] [32] [33] [34] [35] , it cannot be considered a specific marker of fatigue and tidal volume and breathing frequency should not be used as specific indicators of the development of this complex phenomenon.
Measurement of thoracoabdominal motion Measurement of thoracoabdominal motion Measurement of thoracoabdominal motion Measurement of thoracoabdominal motion
The analysis of thoracoabdominal (e.g., diaphragmatic, abdominal and of the rib cage inspiratory muscles) motion is useful to detect a specific forms of respiratory muscle dysfunction and an increase in the fatiguing ventilatory load [21, 25, 53] .
This test is simple and noninvasive; the patient is placed in a recumbent position and a trained observer is conducting a visual inspection of breathing movements for several minutes [55] . The disadvantages of this method are connected with the abnormal patterns of thoracoabdominal motion as respiratory alternant [30] or abdominal paradox [54] , which are not specific for respiratory muscle fatigue [46] . These patterns can occur during the application of low, non-fatiguing respiratory loads [48] . Thus, abnormal thoracoabdominal motion should be viewed as reflecting an increased ventilatory load, which in itself may or may not induce respiratory muscle fatigue [50] .
The application of this analysis is useful for some clinical routine practice, but the lacks of specificity for detecting respiratory muscle fatigue cause that it is should not be used as fatigue The first parameter is the pressure -time index of the diaphragm, which is defined as: PT di = (Pdi / P di, max ) ( T i / T tot ), where P di is the mean transdiaphragmatic pressure generated per breath, P di, max is maximal transdiaphragmatic pressure, T i is inspiratory time, T tot is total breath time [11] [12] . The critical value of PT di is 0.15 -0.18 for breathing accomplished predominantly with diaphragm [7] [8] . It means that fatigue of inspiratory muscles of subjects submitted to external inspiratory loads will occur when the level of pressure -time generated exceeds this 38 A review of concept… critical value. Below this threshold, breathing can be sustained for more than 1 hour without evidence of fatigue [5] [6] 15] .
The second parameter is the pressure -time index of the inspiratory rib cage muscles. In most situations of inspiratory loads, the spontaneous breathing is characterized by predominant recruitment of inspiratory rib cage muscles than the diaphragm. Under these circumstances, this index is defined as: PT rci = ( P pl / P pl, max )( T i / T tot ), where P pl is mean pleural pressure generated per breath, P pl, max is maximal pleural pressure. With this breathing pattern, the critical value of PT rci is 0.30 [7] [8] .
Pressures measurements are performed with balloon -catheter systems; the measurement of esophageal pressure ( P es ) is required to compute PT rci and the measurement of both gastric ( P ga ) and esophageal pressures -to compute PT di . The critical values of pressure -time indices in most patients and in healthy subjects breathing against external loads remain to be measured although a number of pathological factors may influence muscle performance and the critical thresholds may different in clinical conditions. As a consequence, these two indices may allow the assessment of the risk of fatigue before actual task failure occurs, but in several investigations PT di and PT rci are considered the instrument to gauge the level of muscle function rather than a specific marker of fatigue [9, 58] .
Maximal static inspiratory pressure Maximal static inspiratory pressure Maximal static inspiratory pressure Maximal static inspiratory pressure Measurement of maximal static inspiratory pressure ( P I,max ) can be used to detect inspiratory muscle fatigue in volunteers breathing against external loads, maximal voluntary hyperpnoea, labor or marathon running [22, 28, 39] .
P I,max is measured at the mouth and the method is noninvasive. The limitations of this test are connected with difficulties in ensuring maximal volitional effort in patients.
Maximal transdiaphragmatic pressure Maximal transdiaphragmatic pressure Maximal transdiaphragmatic pressure Maximal transdiaphragmatic pressure
Diaphragmatic fatigue has been documented by a transient fall in maximal transdiaphragmatic pressure ( P di,max ) after breathing with diaphragm emphasis against external loads or high-intensity exercise [29, [35] [36] .
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The measurement is invasive with standard balloon -catheter systems. This test is useful to assess the strength of the diaphragm and can be used to detect inspiratory muscle fatigue in motivated subjects, but not in patients [16, 40, 57] .
Assessment of maximum relaxation rates Assessment of maximum relaxation rates Assessment of maximum relaxation rates Assessment of maximum relaxation rates
On cessation of loading and contraction, respiratory muscles relax at a rate determined by their histological structure [23, 50] . During fatigue, relaxation rate declines as a result of a slower uptake of calcium. The relaxation rate can be assessed during intermittent contractions against loads, during sniffs and during phrenic nerve stimulations. When fatigue is induced by breathing against external loads, the inspiratory muscle relaxation rate falls early and then recovers quickly and stabilizes within 5 to 10 minutes [27] .
During various types of intermittent contractions, the rate of decay of the esophageal pressure ( P es ) and of the mean transdiaphragmatic pressure generated per breath ( P di ), reflects the relaxation rate of inspiratory muscles and of the diaphragm, respectively [24, 26] . The measurement of inspiratory muscle relaxation rate requires relatively simple pressure measurement system. Standard balloon -catheter system are used to measure the esophageal pressure ( P es ) and gastric pressure ( P ga ) from which the mean transdiaphragmatic pressure generated per breath ( P di ) is obtained. The maximal relaxation rate (MRR) is calculated as a first derivative of pressure with respect to time over the first half of the relaxation curve [16, 33] . Analysis of the MRR is best done with a computer program [16] .
The muscle relaxation rate slows at an early stage during fatiguing contractions and may therefore indicate that inspiratory muscle fatigue is incipient. The measurements of this indicator can be used to detect an early sign of fatigue in subjects and to detect fatiguing contractions during exercise in patients with chronic obstructive pulmonary diseases or during weaning trials from a respirator [13, 41] . This test is useful only for clinical research.
Conclusion Conclusion Conclusion Conclusion
It is difficult to indicate the best method to directly assess the development of respiratory muscle fatigue at present time. Of the tests reviewed: breathing pattern analysis and measurement of thoracoabdominal motion are nonspecific indices that do not directly measure 40 A review of concept… fatigue. Analysis of the pressure -time index provides a useful conceptual framework, but not a specific test of fatigue. In the research environment, all these techniques can be used to assess the evolution of respiratory muscle fatigue.
The clinical area is open for an objective test of the development of respiratory muscle fatigue.
